Abstract-The thick films of Tungsten Oxide (WO 3 ) were prepared by screen-printing technique. Gas-sensing performance of these films was tested for various gases. The pure films showed response to Hydrogen Sulphide, Ethanol, Oxygen, and Cigar smoke. The pure WO 3 thick films were surface modified by dipping them into an aqueous solution of CrO 3 for different intervals of time. Surface modification improved the selectivity and response to H 2 S gas and suppressed the responses to other gases. The surface modification, using dipping process, altered the adsorbate-adsorbent interactions, which gave the unusual sensitivity and selectivity effect. Sensitivity, selectivity, thermal stability, response and recovery time of the sensor were measured and presented.
I. INTRODUCTION
Metal oxide semiconductor gas sensors have attracted significant attention of the researchers due to their simple implementation, low cost, good and reliability for real time control systems with respect to other gas sensor devices. A verity of oxide semiconductors such as WO 3 , SnO 2 , MoO 3 , TiO 2 etc has been studied to detect toxic and hazardous gases. Their properties are influenced by many factors as the operating temperature, microstructure of the sensor and chemical composition of sensor. Gas sensors are playing an increasingly important role in environmental monitoring, control of chemical processes, remote sensing, space, agriculture and medical applications. In the semiconductor gas sensors, the receptor function is provided by the interaction of the semiconductor surface with an object gas via gas adsorption and surface reactions, while the transducer function depends not only on the band structure of the semiconducting oxide but also on the microstructure of the coagulating particles [1] . Recently, there is an increasing need for the detection of toxic, polluting and smelling gases at low levels in air. For such low-level gases, sensors should be sufficiently upgraded in sensitivity and selectivity, and especially important is the promotion of the receptor function, as suggested from the reported examples of sensor modifications brought about by the addition of noble metals [1, 2] , metal oxides [3] [4] [5] or surface fictionalizations [6] [7] [8] [9] [10] .
In the present article thick film surfaces are modified by doping them in to 0.1M solution of CrO 3 
II. EXPERIMENTAL

A.
Powder and paste preparation The AR grade WO 3 powder (99.9% pure) was milled for 2h so as to obtain fine-grained powder. The powder was then calcinated at 1000 o C for 6h in air and re-ground. The thixotropic paste was formulated by mixing the fine powder of WO 3 with the solution of ethyl cellulose (a temporary binder) in a mixture of organic solvents such as butyl cellulose, butyl carbitol acetate and terpineol. The ratio of inorganic to organic part was kept at 75:25 in formulating the paste.
B.
Preparation of pure and chrominated WO 3 thick films
This paste was screen printed [11] on a glass substrate in a desired pattern. The as prepared films were fired at 550 o C for 30 min for removal of organic binders. The silver contacts were made for electrical measurements. The surface modified WO 3 thick films were obtained by dipping them in a 0.1M aqueous solution of chromium oxide (CrO 3 ) for different dipping time intervals of 5, 10, 20 and 30 minutes. The films were dried at 80 o C, followed by firing at 550 o C for 30min. These surface modified films are termed as 'chrominated' WO 3 films.
III. RESULTS AND DISCUSSION
A.
Micro structural analysis The micro structural and chemical compositions of the films were analyzed using a scanning electron microscope (SEM, JEOL JED 6300) coupled with an energy dispersive spectrometer (EDS, JEOL JED 2300LA). 
B. Elemental analysis
The quantitative elemental composition of the unmodified and Cr 2 O 3 modified WO 3 films were analyzed using an energy dispersive spectrometer.
Stoichiometric compositions of cations (W) and anions (O) are 52.00 and 48.00 wt%, respectively. The observed compositions of these constituent elements were not consistent with the stoichiometric proportion and all samples were observed to be the oxygen deficient, leading to the semiconducting nature of the WO 3 .
It is clear from Table 1 that the weight percentage of Cr is increasing with dipping time. The modified film with a dipping time of 20 min is observed to be more oxygendeficient (18.73 wt %). This oxygen deficiency may make the sample possible to adsorb a relatively larger amount of oxygen species. 1 . Table 2 lists losses or gains in weight of these films observed during TGA in the different temperature ranges. It could be concluded from the profiles that the Cr 2 O 3 -modified WO 3 was more stable than the pure WO 3 . Comparatively a less weight loss in the Cr 2 O 3 -modified sample can be attributed to the adsorbed oxygen content. The modified film with the content of Cr (0.69 wt %) was observed to contain the smallest amount of oxygen (18.73 wt %, Table1), which could be attributed to the largest deficiency of oxygen in the film. It is, therefore, quite possible that the material would adsorb largest possible amount of oxygen, showing a relatively less loss in weight (0.70 wt %) in the temperature range of 25-600 o C. The smallest weight loss of Cr 2 O 3 -modified WO 3 may be due to its larger stability. The chromium oxide on the surface Cr 2 O 3 -modified sample would form misfit regions between the grains of WO 3 and could act as an efficient catalyst for oxygenation. Relatively modified WO 3 sample was found to be more stable than pure sample. Fig. 4 shows the variation of gas response of the unmodified WO 3 films to various gases (400 ppm) with operating temperature ranging from 100 to 450 o C. For H 2 S, the response goes on increasing with operating temperature, attains its maximum (191.31) at 350 o C and then decreases with a further increase in operating temperature. It is clear from the graph that, the sensor also gives the maximum response to ethanol (89.95) at 400 o C and cigar smoke (47.12) at 300 o C. The amount of oxygen adsorbed (O 2 -, O -, O 2-) on the sensor surface goes on increasing with an increase in temperature, reaches to the maximum and then decreases with a further increase in operating temperature. The response to the gas to be detected follows the same behavior. When a reducing gas comes in contact with the sensor surface, it gets oxidized. The rate of oxidation would be the function of the amount of adsorbed oxygen on the surface and the type of gas to be detected. The larger the rate of oxidation, the larger would be the number of electrons released, and in turn the larger would be the gas response. At higher temperatures (beyond about 350 0 C), the amount of oxygen adsorbed would be smaller, leading to a slower rate of reduction of a target gas and, therefore, the smaller gas response. 
V GAS SENSING PERFORMANCE
A. Response of Unmodified WO 3 film to various gases at different temperatures
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Pure 5min 10min Fig. 6 shows that modified film is selective to H 2 S gas against other gases at 250 0 C . Also 20 min dipped film shows largest sensitivity (212.34) to H 2 S at 250 0 C. [12] . In this investigation sensors are tested in the operating temperature range from 100 to 450 0 C so that at 200 0 C, some CrO 3 would convert in to Cr 2 O 3. Some amount of CrO 3 may also be reduced into Cr 2 O 3 by trapping electrons from the oxygen vacancies in WO 3 material. Local oxygen deficiency may trigger the reaction:
C. Selectivity of Cr 2 O 3 modified WO 3 film
On exposure to H 2 S gas, Cr 2 O 3 would convert would be converted into Cr 2 S or CrS, which are known to be metallic in nature and more conducting than Cr 2 O 3 [13] . On exposure to H 2 S gas on the chrominated WO 3 , the sensor resistance decreases suddenly giving higher sensitivity. This can be represented as:
(3) On subsequent exposure of sensor to O 2 at elevated temperatures, sulphides can be recovered back to oxides as: 2CrS + 3O 2 → 2CrO + 2SO 2 (4) 2Cr 2 S 3 + 9O 2 → 2Cr 2 O 3 + 6SO 2 (5) When oxygen is adsorbed on the chromium zone of strong localization at elevated temperatures, the potential between the WO 3 grains may be raised further and as a result the total resistance increases in comparison with the unmodified sample without any chromium. Abstraction of electrons from bulk WO 3 by the adsorbed oxygen results in the formation of surface states. When reducing gas like H 2 S is adsorbed between the grains of WO 3 , the potential barrier deceases as a result of oxidative conversion of the H 2 S gas. H 2 S reacts with adsorbed oxygen ions as: H 2 S + 3O -→ H 2 O + SO 2 + 3e-(6) The amount of oxygen adsorbed on the surface of chrominated WO 3 film is more since chromium oxide forms misfit region between the grains of WO 3 and acts as efficient catalysts for oxygenation leading to unusual physical and chemical properties. For example, the adsorption energy can be higher for the misfit regions, and the discontinuity in the adsorption potential can give rise to unusual selectivity for WO 3 based semiconducting oxide sensors. More specifically, the electron-electron interaction in the presence of periodically, enhanced disorder can affect adsorbateadsorbent interaction and the range of adsorbtion potentials leading to additional sensitivity improvement.
When the optimum amount of chromium oxide is incorporated on surface of the WO 3 film, chromium species would be distributed uniformly throughout the surface. This promotes catalytic reaction effectively leading to high initial conductivity of the film. This results into high gas response.
When the amount of chromium oxide on the surface of the film is less than the optimum, the surface dispersion is poor and amount is not sufficient to promote the reaction more effectively leading to decreased sensitivity. The maximum response to H 2 S gas of chrominated WO 3 TGA observations indicate that surface chrominated WO 3 is more stable than the pure WO 3 . Therefore reproducibility of chrominated samples is expected to be more than pure WO 3 . The oxygen adsorption mechanism of chrominated WO 3 is observed to be more effective as compared to the pure WO 3 leading to higher gas response. Non-linear increase of conductivity of pure and chrominated WO 3 indicates semiconducting nature and is attributed to oxygen deficiencies in WO 3 . The chromination of WO 3 enhance the electrical conductivity. This may be due to conducting nature of small particles of Cr 2 O 3 segregated around the grain boundaries of WO 3 .
VII. SUMMARY AND CONCLUSION
Unmodified WO 3 thick films have different capability to recognize different gases at different operating temperatures. It acts as a cigar smoke sensor at 300 o C, a H 2 S sensor at 350 o C and an ethanol sensor at 400 o C. Therefore, it has poor selectivity. Unmodified WO 3 thick films were surface activated (Cr 2 O 3 -modified) using dipping technique to enhance sensitivity and selectivity. Unmodified and modified films showed decrease in conductivity with increase of temperature. Therefore they are NTC type materials. The Cr 2 O 3 -modified WO 3 sensor (20 min) showed selectivity to H 2 S gas at 250 0 C, suppressing the responses to other gases.
Selectivity to H 2 S gas for modified film is shifted from higher temperature 350 0 C to lower temperature 250 0 C. Unmodified WO 3 film showed optimum response to H 2 S gas at 520 ppm concentration at 350 0 C. Initially response increases with the H 2 S gas concentration, attains the maximum at 520 ppm concentration. The response decreases with further increase of gas concentration. Modified WO 3 film showed optimum response to H 2 S gas at 280 ppm concentration at 250 0 C. Initially response increases with the H 2 S gas concentration, attains the maximum at 280 ppm concentration. The response decreases with further increase of gas concentration. Cr 2 O 3 -modified WO 3 (20min) showed fast response (3sec) and recovery time (7sec) to H 2 S gas at 250 0 C. This study demonstrates the possibility of utilizing surface chrominated WO 3 thick film as a low cost sensor element for the detection of H 2 S gas.
